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3? 1?
??
????,??????????????????????????????????
??.?????????????????????????????????????.
???????????????????????????? 2???????????
??????, ?????????????????????????. ? 1 ?????
???????????????????????? RKKY?????????.??
?, ???????????????????????, ??????????????
????????????.??????????????????.
1.1 ?????
??????? (f ??) ???????????????????????, f ??
? 2??????????????????????????????????????
?, f ?????????????????.?????, f ?????????????
???????????????. ???? (c??)????????????????
? J ??? 2????????. 1?????????.??????????????
????????????????????????????????.???????
?????????????? RKKY???????.??????????????
??????????????????????????.?? 2??????????
???????????????????????? V ???????,???????
????????????.
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X
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V fyck; +H:c:

(1.1.1)
4 ? 1? ??
1.2 ????
???????????????????????????,???????????
????????.???????????????,????????? 0????,?
????????????????????????????????. ???, ???
?????????????????????????, ???, ??????????
????????????????.?????????? d??? f ????????
?????????????. ???????????? 1930???????????
???????,????????? 30???????????????. 1964?,??
?????????????????? [1].
? 1.1 CexLa1 xCu6 ????????? [2]
???????,?????? f ????????????????????????
??????????????. ???, ????????????????? s; p ??
???????????.????????????????,????????? f ?
??????????????.
? 1.1???? x???? f ????????????,?????????????
???????????.??????????????,???, (1.5.8)???? f ?
????????????????? Kondo Model
HKM =  t
X
i
(cyici+1 +H:c:) + JS  s (1.2.2)
????, J ??????????????????????????????????
1.3 RKKY???? 5
????? [1].????? (T )???,????????
(T ) = 0

1 + 2JDc("F) ln
 WkBT
 (1.2.3)
???.???, kB ????????, T ???, 0 ????????????????
???, Dc("F) ?????????????????????, W ?????????
?. ??????????????????????????????????????
??????????????. ? (1.2.3) ???? T = 0 ?????????. ???
??????????????. ???, ?????????????????????
(1.2.3)?? 2??? 1?????????????????.
1 ' JDc("F) ln
 WkBT
 (1.2.4)
???????? T ???????????????,???????????????
??????? TK ???. ????? (1.2.4)? T ???????
kBTK =W exp

  1
JDc("F)

(1.2.5)
????????. Yosida???????? TK ???????? J ????????
??????????,??????????????????????,???????
?????????????????, ???????????????????? [3].
?????,?? TK ??????????????????????????????,
TK ??????????????????????????????????????
?,????????????????????????????.
????????????? 1???????????Wilson??????????
? [4]????????,?????????. ????????????? 2?????
???????????????,???????.
1.3 RKKY????
RKKY ????? 1954 ?? Ruderman ? Kittel ????????? 2 ?????
?????????????????? [5],??,????? Kasuya, Yosida????
???????????????????? [6][7]. ????????????????
RKKY?????????. RKKY???????????????????????
??????, ??????????????????? J ? 2 ??????????
?.??????????,?? i????????????????????????,
6 ? 1? ??
i+ x????????????????????????. 3???? RKKY????
???????? kF ???
HRKKY(i; j) = J
2
(2kFx)4
f2kFx cos(2kFx)  sin(2kFx)gSi  Sj (1.3.6)
??????. Si(Sj)? i(j)???????????????????, j = i+ x??
?.???????, ????????????? Si ????????????,???
??????????????????????.
? 1.2 RKKY??????
1.4 ?????
?????????,????? 1???????????????????.???,
???????? 2???????? RKKY???????,???????????
?????????,???????????????.
????????????????,???? s; p????????????????
?????????????????????.??????,????????????
?????? f ????????????????????????????,????
????????.?????????,????????? s????????? f ?
?????????????????????,??????????????????
????????????????????. ???????????????????
?????????????????? 100  1000????????????????
?????.???,???? f ?????????????????????????
?????????, ?????????????????????????. ????
?????????????????????????????????. ??????
??????????????????????????????????? f ???
1.5 ?????????? 7
? 1.3 Ce??????????.?????????????? [8].
???????????????????????????????. ????,???
??????????????????????,???????????????. ?
??,?????????????????.
1.5 ??????????
? 1.4 f ???????????????????
??????????????,?????????? 2?????????????.
?????????????????,??????????????????????
??????.?????????,?????????? t,????????????
?? Uc ,?????????? Ef ,?????????????? Uf ,???????
8 ? 1? ??
? 1.5 1????????????
????? V ??????.???,???????????????????????
???????????????????,????????????????????
????????,???????????????????????????????
(Periodic Anderson Model)
HPAM =  t
X
i
(cyici+1 +H:c:) + V
X
i
(fyici + c
y
ifi)
+ Ef
X
i
fyifi +
Uf
2
X
i
fyifif
y
i fi  (1.5.7)
?????. cyi(ci)???????? (??)???, fyi(fi)???????? (??)
??????. ??????????? 4 ????????????????????,
???????????????????. Ef ? Uf ?? "F ????????????
? Ef < "F < Ef + Uf ?????????, f ??????????????????
?????.?????????????? f ???????????????????
V ? 2 ????????, ????????????? (Kondo Lattice Model) ???
??.
HKLM =  t
X
i
(cyici+1 +H:c:) + J
X
i
Si  si (1.5.8)
J ?????,????????. cyi(ci)???????? (??)??????,???
?????????????. Si(si)??? (??)????????????.????
????????????????? f ?????????????????????,
f ?????????????????? Uf ???????????????????
???????????????????????.????????????????
??????????????????????. ?????????????????
????????????????? V ?????????????,????????
1.6 ?????? 9
?????? J ??????.???????????????,??????????
? f ???????????????????,???????? f ?????????
??????????,?????????????????????.????,???
?????????????,????????????????.
1.6 ??????
? 1.6 1????????
??????? HKLM ? (1.5.8) ??????. ????????????????
???????????????????? J=t?,?????? nc ???.?????
??? 1 ?????? 1 ?????????, ????????? nc ??????? 0
?? 2?????????????.??????????????,??-??????
??? nc ??? 2  nc ???????????????.?????, 0 < nc  1??
???????????. ???????????????????, ????????
?? nc = 1? J=t???????????????????.
1.6.1 half-lling ?????????
?????????????? half-lling??????,????? 1???????
??????? 1????. J  t????? 1??????????????? 1??
10 ? 1? ??
???????????.??????????,?????
S = 0(singlet) : Es =  3
4
J;  =
1p
2

cy" j#i   cy# j"i

S = 1(triplet) : Et =
1
4
J;  (Sz = 1) = c y" j"i
 (Sz = 0) =
p
2

cy" j#i+ cy# j"i

 (Sz =  1) = cy# j#i (1.6.9)
???. S = 0 ?????????????, cy#(cy") ??????????????.
j"i (j#i)???????????????????. S = 1?????????????.
????????????????????????????????????????
?????????. ????????????????????????. ?????
???????????, spin gap ? charge gap ????? s = J; c = 3J=2??
?.?????????????????????????????????????.
????????????????????? RKKY??????????????
?????????????.?????,????? RKKY????????????
?????????? 1?????????????.
1.7 1????????
1???????????? 30????????????????,????????
??????????.
??????????????? (1.7.10) ???????????????????
???????????????????????? J(> 0)????????????
?????? t(> 0)????????. ?????????????????????
???
HKLM =  t
X
i
(cyici+1 +H:c:) + J
X
i
Si  si (1.7.10)
???????????????? J ????? 1????????????????
???????? nc ???????.????????? t????????????,
???? t = 1????, 2??????? J=t? nc ???????????????.
J  t???,???????????? 0??????? half-lling ???????
??????????????, ?????????????????????, ???
?????? [9]. ?????? J  t ??????????????????????
???????????? [10][11][12][13]. ??????????????, RKKY??
1.8 1?????????????? 11
???????????????????????. ????, ???????????
2????. 1???????????????????????, RKKY??????
????????????????????????????????????????
?.?? 1??,????????????????????, RKKY????????
? ???????????.???????????????,???????????
????????????????????????.?????????, J  t???
????????????????.
??????????? 1???????????????????,???????
????? [14][15].
1.8 1??????????????
1??????????????????????,??????,?????????
?.?????,????????? jtj???,?????? J ??????? nc ? 2?
????????????. ??????????????? [10]???? 1.7????
?????????????. ??????? [16]??????.??????????
? 1.7 1???????????????? [10]
???, ??????????????????. ?????????????????
???? nc ? 0 < nc < 1??????. ?? half-lling ?????,????????
???????????????????????????? [17]. quarter-lling ??
?? charge gap ????????????? [11][18][19].?????????????
12 ? 1? ??
? 1???????????????????????. ?????,????????
????????????????,??????????????????.
1.8.1 half-lling ????????
???????????????? (half-lling)????????????.????
? 1.7???????. half-lling ?????? J ! 1??,???????????
? 1.8 half-lling ???? charge gap ? spin gap. ?????????????
?????????????????,?????????????????????
?????????. ??????????????, ??????????????
???.
????, ????????????????????????. ??????????
??.??????????????,????????????? [17].???????
???????????. ????????? 1??????????????????
????????????. E(S = 1)? Sztot = 1, E(S = 0)? Sztot = 0??????
???????????? spin gap ?
s = E(S = 1)  E(S = 0)
=
1
4
J  

 3
4
J

= J (1.8.11)
???.???????????????, 2????????????????????
??.????? charge gap ?
c = 0 

 3
4
J   3
4
J

=
3
2
J (1.8.12)
1.8 1?????????????? 13
???.????????? gap ????????????????????.????
????????????????????????? [20]. half-lling ???????
?????? gap ?
s / exp

  1
JDc("F)

(1.8.13)
c =
1
2
J (1.8.14)
???????? [20].  ???????????????,????????????
??????????   1:41???????? [17]. Dc("F)???????????
???????????????. J = 0???? half-lling ???????????
[17].?????????????? spin gap ???????????.???????
???????? spin gap ?????????,?????????,????????
??.
1.8.2 ??????????????
??,?????????????????.??????????????,????
?????????????????????????? [21].
????????????,??????????????????????????
?????????. t = 0???????????????????????????
N ???? 2N ???????????????????.??? t?????????
?,??????????????????????????????????????
????????????????????????????????. ?????, ?
???????????????????????????????????????.
????? Stot ???,????? L??,???? Nc ????
Stot =
1
2
(L Nc) (1.8.15)
???.?? J ?????????????????????????????????
?????? [22][23][24].
? 1.7??????????????????????,???????????. ?
??????????????????
m =
1
2
(1  nc) (1.8.16)
??????,???????????????. J ? t??????????????
??????????????????????????????????????,?
14 ? 1? ??
?????????????????. ??????,???????????????
???????.
1.8.3 ??????????????????
?????????? J = 0 ????, ???????????????????
???????????. ???????????? J ?????, ????????
Tomonaga-Luttinger liquid ?????????? [25]. ???,??????????
???????????????????????? [10][11][12][13]. ???, quarter
lling ???? charge gap ?????????????????????????.?
??????????????????????, J = 0:5; 0:6 ???? charge gap ?
?????? [11], J = 1:0 ?????? charge gap ????? Tomonaga-Luttinger
liquid ???????????? [18][19].
?????????????????????????????????. ????
[10]???????????????????????,??????????????
????????????.??????????? J ????????, ??????
?????? RKKY liquid ??????????????? [13]. ???, ? 1.7??
???????????????????????????????????? [13].
?????????????????? 4????????????????????
?,?????????????????????? J ' t?????????????.
?????,??????????? RKKY???????????.?????,??
?????????????,??????????????????????????
???????????????????????????.
1.9 1????????????????
?????????????????????????.?????????????
?????????????,??????????????????.?????,??
??? RKKY???????????.?? 2??????????????????
??????????????,?????????????????????????
?????.???,????????????????????????????. ??
?????????????????????????
HKLM =  t
L 1X
i=1;
(cyi;ci+1; +H:c:) + J
LX
i=1
Si  si  
LX
i=1
(hSzi + hs
z
i ) (1.9.17)
1.9 1???????????????? 15
?????. ? 1.9 ??????????? nc = 4=5; J=t = 1; L = 40 ???????
????????? [26]. (a)? h0 < h < h1 ??? plateau ???????,????
???????????.? 1.9(b) ??????????????????,?????
?????????? z ??????????????. 0 < h < h0 ????????
?????????????, h0 < h < h1 ????????????????????
??????????????????? plateau ????????.??? plateau ?
??
2m = 1  nc (1.9.18)
????????. ??????? nc = 4=5 ????????? 1 ????? 1=5 ?
plateau ???.??, h1 ???? half-lling ???? spin gap ????. ?????,
? 1.9 (a)?????? kF ???m??????.?????m?????? 2?
??? (b)???????????????? (c)????????????????
????????????????????????? [26]
????? spin gap ????????????? h < h1 ?????????????
?????. ??????????????????????????????????
?????????????????????????????.???, J=t = 1???
??????????????????????????. ?????, ???????
???????????.??,?? plateau ???????????????????.
16 ? 1? ??
? 1.10 (a)??????.??????????????????????????
??????????. (b) ??????????. ???????????????
??????????????????. m = 1  nc ????????????. (c)
???????, ????????????????. ??????????????
???.
h1 ??????????????????????????????.????????
????????????????? J ????????.?????????????
????????????????????.???,??????????, J ????
????????????????,?????????????????.
?????????????????, ??????????????????. ??
??? nc = 0:9; J=t  1:3???????????,????????? (1  0:9)=2 =
0:05?????? [27].
1.9.1 ??????????????
????????, ?????????????????????????????
?. nc ????????????????? half-lling ? nc = 1:0 ???. ????
??????? H=t, ???????????????? m ???. ???? [26] ??
J=t = 1:0???????????????,????? J ?????????????
??????.?????? J=t = 1:0??????????????????????.
? J ??????????????? nc ???????????? 1.11??? 1.14
???. ?????? nc = 1:0; 0:8; 0:6????????????????. ? 1.11?
?? 1.14??????, half-lling ??? nc 6= 1:0??????m?m = (1  nc)=2
? plateau ?????? J ???????????????.?? plateau ? J ???
????????????????????,? 1.11? J = 0:4??????????.
? 1.11??? 1.14????????,?????? half-lling ???????????
1.9 1???????????????? 17
0 0.01 0.02 0.03 0.040
0.1
0.2
0.3
0.4
0.5 J/t = 0.4 , N = 60
H/t
m
 nc = 0.6
 nc = 0.8
 nc = 1.0
? 1.11 ??? J=t = 0:4????????????? nc ???. ????????
??????????? [10]??????????????????.
0 0.02 0.04 0.060
0.1
0.2
0.3
0.4
0.5
 nc = 0.6
 nc = 0.8
 nc = 1.0
m
H/t
J/t = 0.6 , N = 60
? 1.12 ??? J=t = 0:6????????????? nc ???. ????????
??????????? [10]??????????????????.
18 ? 1? ??
0 0.05 0.1 0.150
0.1
0.2
0.3
0.4
0.5
H/t
m
J/t = 0.8 , N = 60
 nc = 0.6 
 nc = 0.8
 nc = 1.0
? 1.13 ??? J=t = 0:8????????????? nc ???. ????????
??????????? [10]??????????????????.
0 0.1 0.20
0.1
0.2
0.3
0.4
0.5
 nc = 0.6
 nc = 0.8 
 nc = 1.0
H/t
m
J/t = 1.0 , N = 60
? 1.14 ??? J=t = 1:0????????????? nc ???. ????????
??????????? [10]??????????????????.
1.9 1???????????????? 19
???????m = 0:25????????????????????????????
??? 2:1?????????????.??????, J=t < 1? nc = 0:6  0:8??
????????? J ?????????????????????????????
?????????????????.
nc = 0:8 ???????????????????, nc = 0:6 ??????????
plateau ?????. ??????? J=t  0:4 ????? plateau ????, ???
nc = 0:8????????????????????????????. ??, nc = 0:6
????????????????????? nc = 0:8??????????????
?.???, J=t?????????? plateau ??????,????????????
????. nc = 0:8???? plateau ????,??????????????????
?????????????????????????????. nc = 0:8??,???
??????????????? plateau ????????????????? J  1:8
??????????.??????, nc = 0:6??,????????????????
????????????.??, nc = 0:6?? 2?? plateau ?????,?????
????????????????????????????.
0 0.01 0.02 0.03 0.04 0.05 0.060
0.1
0.2
0.3
0.4
0.5
H/t
m
 J/t = 0.4
 J/t = 0.5
 J/t = 0.6
 J/t = 0.7
 J/t = 0.8
 J/t = 1.0
N = 60 , nc = 0.6
? 1.15 nc = 0:6????????????m
? 1.15 ?? nc = 0:6 ????? J=t  0:8 ? plateau ? 2 ?????. ????
m = 0:1 ? plateau ?? 1 plateau ???, m = 0:2 ? plateau ?? 2 plateau ??
?. J=t  0:8 ?????? J=t ??? 1 plateau ????. ??, J=t ???????,
? 2 plateau ????. ???? J=t ?????????? 1 plateau ???????
?, ??????. nc = 0:6 ???, ??????????????????????
??, 10 ????? 4 ???????, ??? m = (1   nc)=2 ???????. ? 2
20 ? 1? ??
plateau ???????????????????????????????????
???.???,? 1 plateau ????????? 2 plateau ????????????,
m = (1   nc)=2 ???? m = (1   nc)=4 ?????????? plateau ???. ??
plateau ?,? 2 plateau ????????????????????????????
??.??, nc = 0:6?? 1 plateau ???????? nc = 0:8? plateau ??????
????????. nc = 0:8???,???????????????????????
?, 10????? 2??????????.?????, ??????????????
???????? 2?? plateau ????????????,???? 3?? plateau ?
??????????????????. ?????, ???????????????
?????????????????????????,??????????????,
???????????,??????????.
1.10 ????
???????????? 1 ???????????????????. ??, ???
???????????????????????????????.???,?????
RKKY????? 2?????,?????????????? RKKY???????
??????????????????????.?? 2??????????????
??????????????????. ??????, ??????????? 2 ??
?????????????????,????????????????. ?????
?????????????? [26]??,??????? plateau ??????????
??, plateau ????????????? plateau ???? RKKY????????
???,RKKY ??????????????????????. ???????, ??
??????????????????????????????????????. ?
?????? 1?????????????????,???????????????
???. ????????, ???????????????????????????
?????. 1 ????????????, ????????????????????
?????, ????????????? RKKY?????????????????
???????. 1???????????????????????????????,
?????????????????????, RKKY ??????????????
?????. ??, ???????????? plateau ??????????. ????
?????????????????????????. ??????? plateau ???
??, spin ??? gap ????????????????????????????. ?
???,????????????????????????????????????
?,??????????????????????????????????????
1.10 ???? 21
?,??????????????????????.

23
? 2?
????
??????????, 1???????????????????????????
?????.?????????? 1???????????????????????
[11][12][18][20][28][29][30]. ???????????????????????????
??????????????????,??????????????.???????
???????????,????????????????????????????
???????????????. ???, ????????????????????
?????????????. ???????????, ??????????????
??????????????.?????????????????????????
???????????????????,????????????????. ???
????,???????????????????????????????????
????.???????????????????? A?????.
2.1 ??????????
(Density Matrix Renormalization Group)
?????????? (?? DMRG ???)[31] ? 1 ??????????????
???????????????????????????. 1 ??????????
DMRG ?????????????????????????, ??????????
?????.
??,????? DMRG????????????????. DMRG?,?????
?????????,??????????????????????????????
????????????????????????????????????.???
?????????????????????????????????. ????, ?
???????????????.??,?????????????,????????
24 ? 2? ????
?????????????????????,??????????????????
??????????????????. ???, ?????????????????
??????????????.
2.1.1 ????????????
???????? jGSi???????????? jii ,??????? jji???.?
?????????
jGSi =
X
i;j
 i;j jii jji (2.1.1)
???.?????????????????????????? i;i0 ???
i;i0 =
X
j
 i;j 
0
i0;j (2.1.2)
?????????????? U ? juii????
U = (ju1i ; ju2i ;    ; juki) (2.1.3)
???.???????????????????
UUT = !ii (2.1.4)
???.?????????????,
 = UT!iiU
=
kX
i=1
!i juii huij (2.1.5)
???.??????????? !i ?
1 =
kX
i=1
!i (2.1.6)
???, ????????????????, ???????????????????
?????????????????????.???,????????,
PM =
MX
i=1
!i (2.1.7)
????? 1???????M ??????????????.??? 1??? 1  PM
? truncation error ????.
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? 2.1 Innite system method?????????????
2.1.2 DMRG(Innite system Method)
Innite system method???????????? L?????????????.?
?? 3.1???????? 1? B1,??????????? Sl,???????????
Sr, ???? 4 ? B4 ???. ???? 1 ????????????, ???? 4 ???
????,???? Sl; Sr ? 1????????.???? 1?? 4?????????
???????????.
???? jB11i? jB14i? 1????????? 4??????????.
??????????????
Hsystem = JS
f
1  sc1 (2.1.8)
????.
step1 : ????????????????????????,??????.?????
???????????????????.
step2 : ???? 3,4?????????????? 1,2 ?????????.????
??????????????????????.?
step3 : Bn1 ? Sl ???? Bn+11 ????? 1 ???????????. ?, n = 1 ?
??
hB210 jHB21 jB21i = hSl0 j hB110 jHB21 jB11i jSli = hB110 jHB11 jB11i Sl;Sl0
  t(hB110 j cyl 1 jB11i hSl0 j cl jSli+H:c:) + J hSl0 jSl  sl jSli B110 ;B11 (2.1.9)
26 ? 2? ????
step4 : ???????????????????M ????. Bn+11 ???? jui??
?????.??, Bn+14 ? Bn+11 ??????????.
jui =
X
h'0jHB21 j'i
=
X
hSl0 j hB110 jHB21 jB11i jSli S0r;SrB140 ;B14 (2.1.10)
step5 : step1???.
??????????? L????????????????.
2.1.3 DMRG(Finite system Method)
? 2.2 Finite system method? Block???? sweep
Finite system method?? Innite system method???????????????
sweep ???????????????????. ?????, Innite system method
??????????????????????????????. 1????????
??? Sl; Sr ?? 2.2??????????????????????????????
sweep ???????. Innite system method ??????? L ?????????
???,
jBi1i jSli jSri jBL=2 2 i4 i (2.1.11)
??????????????? L???????????.??? i = 1; L=2  3??
???????,???
jBL=2 2 i1 i jSli jSri jBi4i (2.1.12)
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????????????????????????.? sweep???????????,
?????????????????????,????????.
2.2 ???????? (Sine-Square-Deformation)?????
Sine-Square-Deformation(?? SSD ???) ??????????????????
??????? [32][33]. SSD ?????????????????????????
??,?????????????????????????????????????
???????????.??????????????? (Open Boundary Condition
?? OBC???)???,?????? (Periodic Boundary Condition?? PBC??
?)????????????????? [34][35][36].??????? C ?????. ?
???????? DMRG?????????????????? RKKY??????
????? 0 < J=t  1???????????????.
2.2.1 ???????? (SSD)
? 2.3 ???????????
??????????????????????? fl(i)?????????????.
fl(i) = sin
2


L

i+
l   1
2

(2.2.13)
L??????? i??????, l ?????????????????,??????
???????? l = 0,???????????? l = 1???.? 2.3???????
28 ? 2? ????
?????? L=2??????????????????????, i = 1; L?????
????? 0???. ????????????????,
H =  t
L 1X
i=1
X

f1(i)(c
y
ici +H:c:) +
LX
i=1
f0(i) (JSi  si   ni) (2.2.14)
?????????. ni ????????, ni = cyici ???. ?????? J ???
???????? ? f0(i)?????????????,????????? t? f1(i)
?????????????.
2.2.2 ????????? SSD
? 2.4 1 ????????????. ??????????? hSzi Szi+1i ? h=J = 1
???????????????? e(i) = 3Jf0(i) hSzi Szi+1i. ??????? Stotalz
????????????? [37].
??????  hSz ?????.??????????????????????
H =  t
L 1X
i=1
f1(i)(c
y
ici +H:c:) +
LX
i=1
f0(i) (JSi  si   ni)
+
LX
i=1
f0(i) ( hSzi   hszi ) (2.2.15)
??????. ??????? SSD ??????????????????? 3.4 ??
????.???????????????????? Sz 6= 0???????????
??????, SSD ?????? Sztot = 0 ???????????????. ? 3.4 ?
? Sztot = 16??????? Sztot ??????,??????????????????
????????????????.????? Sztot ????????????????
???????????.??,?????????????????????????,
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??????????????????????????. ? 2.5 ???? SSD ???
????????????????????????????????????????
[38].
? 2.5 S = 1=2??????? ( = 1)???? XXZ( = 2)?????????
???. SSD ????? DMRG ????????, ??? m  200 ???. ???
??????????? [37].
2.2.3 charge gap ? chemical potential
SSD???????????????????????????.?????????
?????? 2.6???? gap ?????????????, charge gap ??????
?????. SSD??????????????????? gap ??????????
???????????????????????.??? SSD???????????
?????????????????????????????????? charge gap
?? 2.6??????????????.? 2.6? Hubbard model ? DMRG+SSD ?
??????? OBC ?? DMRG ?????????????. SSD???????
??????? charge gap ?????????.
30 ? 2? ????
? 2.6 ?????? ? chemical potential ???. Hubbard model ? SSD?
???DMRG????????. ???m  300,??????? L = 64; U=t = 4
???. Open Boundary Condition(OBC) ??? DMRG ???? SSD ????
DMRG????????????? [37].
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? 3?
????
?????,?????????????????????????????????
???????????????, ????????????????? DMRG+SSD
???????????. ???????????????????? nc = 0:5  0:75
????????.??,??????????????? spin gap ? plateau ????
??????.??,?????????????????????? charge gap ???
???.?? 2????????,??????? plateau ?????????????
??????????????????????????.
3.1 ????
????????????????????????. nc ? J ??????. t? 1?
????.???????????????????????????????????
???? hszc;i + Szf;ii = m???.????? h?????.????????????
???????????????? nc = 2=3????,??????? J ??????
???????????? 3.1 ????????. ???, J ? J = 0:7 ????, ??
????? 1=2  nc  2=3?????????????????? 3.2???????
? 2=3  nc  3=4?????????????????? 3.3???????????
??.
? 3.1? nc = 2=3???????????????. ??????? J ??????
?????????. ??? J = 0:8; 2:8 ???. ??? J = 0:3; 1:2, J = 2:0  1:6 ?
3?????. J = 0:8; 2:8???????????? plateau ???????????
?????. J = 2:8???????????????? J ???????, J = 0:8?
????????????? J ?????????,????? plateau ???????
???????????. ?? 2 ?? J ????????? plateau ????????
32 ? 3? ????
0 0.01 0.02 0.030
0.1
0.2
        J
 = 2.8
 = 2.0
 = 1.8
 = 1.6
 = 1.2
 = 0.8
 = 0.3
h/t
m
? 3.1 nc = 2=3????????? J ???
?????? spin gap ???????. ??????????????? J = 0:3; 1:2
??,?????????? plateau ?????????,?????????????
???????. ?????????????????????? J = 2:0  1:6 ??
?????,?????????? plateau ?????,??????????????
?????.????? RKKY?????????????????????????.
nc = 2=3??,?????????????????? 2?????????????,
????????????? J ??????????????.
?? J = 0:7????,????????????????????????????
??,? 3.2?? 3.3????????. ????????? nc = 2=3????????
???????????,???????????????????? plateau ????
???????????????.????, plateau ????????????????
??????????????????
m1 =
1
2
(1  nc) (3.1.1)
?????.???????,? 3.2???.? 3.2? J = 0; 7 nc = 1=2; 4=7; 5=8; 2=3?
??????????????. nc = 2=3??????? plateau ?????????
???, J = 0:7 ??????????????????????????. nc = 1=2
????????????????? plateau ?????????????????,
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??????? 0 ???. ?????????? charge gap ??????????
[11][19]????????????, spin gap ?????????????. nc = 1=2?
nc = 2=3????? nc = 4=7; 5=8?? plateau ???????????????.??
? plateau ? nc = 1=2?????????????? nc = 2=3??????????
?? plateau ???.??????,??? plateau ? nc = 1=2???????????
??? nc = 2=3???????????? plateau ???.??? plateau ?? (3.1.1)
???????????.?????? plateau ?? (3.1.1)????????????.
??? plateau ??????? 3.4?????????????????????.??
???
m2 = nc   1
2
(3.1.2)
???.??,?????????????????.??? plateau ?? (3.1.2)???,
2 ?? plateau ?????????? nc = 2=3 ???? 1 ?? plateau ?????.
J = 0:7; nc = 2=3???????????????????????????, plateau
??????. plateau ? 1???????????????????????????
??? m1 ????????.?? 1?? plateau ???????????? (3.1.2)?
??m2 ???.
0 0.01 0.02 0.030
0.1
0.2
h/t
m
J/t = 0.7
         nc
 2/3
 5/8
 4/7
 1/2
? 3.2 nc = 2=3?? nc = 1=2????????? nc ???
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????, ??????? nc = 2=3 ??????????????, ? 3.3 ????
??.? 3.2???????,??????????????????,????????
?????????????? plateau ???????????????????. ?
???, plateau ???????????????????????????????
??? m1 ????????????. ???????????? 3.3 ???. ? 3.3 ?
J = 0:7; nc = 2=3; 5=7; 8=11; 3=4???????????????. nc = 2=3?? 3.2
??????. nc = 3=4 ????????????????? plateau ??????
??????????????,??????? 0???. ?????,????? spin
gap ?????????????. nc = 2=3? nc = 3=4????? nc = 5=7; 8=11?
? plateau ???????????????.??? plateau ???? plateau ????
????????? nc = 2=3???????????? nc = 3=4?????????
?????.??? plateau ???? plateau ???????????????????
???????????????.??? plateau ????? (3.1.1)???.??,??
? plateau ??????? (3.1.1)?????????????.??? plateau ???
???? 3.4?????????????????????.?????
m3 = 2

3
4
  nc

(3.1.3)
???.????????????????????.??? plateau ?? (3.1.3)??
0 0.01 0.02 0.030
0.1
0.2
h/t
m
J = 0.7
         nc
 2/3 
 5/7
 8/11
 3/4
? 3.3 nc = 2=3?? nc = 3=4????????? nc ???
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0.5 0.6 0.7 0.8 0.9 1
0
0.1
0.2
nc
m         J/t
 0.7
 0.8
 (1-nc)/2
  nc-1/2
 2(3/4-nc)
m1
m2
m3
? 3.4 nc = 1=2  3=4?????????????m? nc ???
0 0.01 0.02 0.030
0.1
0.2
h/t
m
         L
 56
 50 
J  = 0.7
nc = 5/7
? 3.5 J = 0:7; nc = 5=7???????????????
36 ? 3? ????
?, ????????? 2?? plateau ?????????? nc = 2=3???? 1??
plateau ?????. ???????? J = 0:7 ?? nc = 2=3 ???????????
????????????, plateau ??????. plateau ? 1 ??????????
???????????????????? m1 ????????.?? 1?? plateau
???????????? (3.1.3)???m3 ???.
? 3.2 ?? 3.3 ??, ???????? m1 ??? plateau ????? m2 ? m3 ?
????? plateau ???????????. ?? plateau ????????????
???????????????. ??? 3.4 ?? plateau ???? nc ??????
?????. ?????? nc = 1  1=2 ????????? (3.1.1) ???????.
nc = 1=2  2=3 ???????? (3.1.2) ????, nc = 2=3  3=4 ??????
??? (3.1.3) ???????. ? (3.1.2) ?? (3.1.3) ????? charge gap ???
nc = 1=2; 3=4?????? plateau ?,??????? nc = 2=3??????????
???????, nc = 2=3???? 1?? plateau ?????.
???, ?????????????????????????. ? 3.5 ? J =
0:7; nc = 5=7??????????????????. ??????? L = 56???,
??? L = 50???.?????? 5=7????????? 56???,???????
??? 40????????.??,????? 50???,?????????? 35:714:::
????????, DMRG ???? 56 ????????????????????.
SSD ?????????????????????????????????????
???????.??,???????????? 2?? plateau ??????????
?,?? plateau ??????????????????????????.
??????????????????, nc = 1=2; 2=3; 3=4??????? spin gap
????????????,???????????? plateau ? 2?????????
????????.
3.2 ????
??????,?????????, nc = 2=3??,?????? plateau ?????
???????????,????????? palteau ???????????????
?.??, nc = 1=2?? nc = 3=4????, plateau ??????? 2????????
???????????. ?????????????????,??????????
??????????,???,?? plateau ??? plateau ???????????.
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-0.5
0
0.5J = 1.2Para
<
S 
z f 
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0 10 20 30-0.5
0
0.5J = 0.3Para
<
S 
z f 
>
i
? 3.6 nc = 2=3????????? J ???.????????? h = 0:010,??
?????? h = 0?????????????????????????,????
???????????????????
3.2.1 nc = 2=3????????
? 3.6? nc = 2=3?? J ???????????.???,????????????
???, ???????????. 6 ???????????????????????
???????. ?????????? h = 0:010?????,???????????
??????. J = 0:8; 2:8??,?????????????????????????
????????,???????????????????????????????
38 ? 3? ????
??. J = 2:8????????????,???????????????????.?
?? J = 0:8?? 3??????????????. 3?????? 2????????
?????????,??? 1??????????????????????????
??????????.??????????, J = 2:8?????????? J = 0:8?
????????????????????. J = 2:0; 1:4?????????????
? 6 ???????????. ??????????, ???????????????
??????????????????????????. ?? J = 1:2 ??, ????
??????? J = 2:0; 1:4???? 6????????????,?????????
????????? 3????????????????????. J = 0:3??,??
?????? RKKY???????????????????????.??????
?, ?????????????????????????. ????????????
????????????????, ???????????????????. ???
???????????????????????????????????,????
??, nc = 2=3? J = 2:8????????????????????. ?????,?
0 20 40 60 80
-0.2
0
0.2
0.4         L
 = 90
 = 60 
 = 30
i
<
S 
z f 
>
? 3.7 nc = 2=3; J = 1:6; h = 0???????????????
??????????????????????? J ???????????????
????????,?????????????????????.??,???????
????? J ????????? plateau ????????????????????
???????????????????????.
???,?????????????????????????. ? 3.7??????
????????????????. ??????????????????, ????
???????.???? L = 90; 60; 30????????????????????,?
?????????????????????.
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nc = 2=3??????????????????????????????????
????????.????????????? 2?? plateau ???????????
???????, 2?? plateau ?????????? 3.8,? 3.9,? 3.10??????.
3.2.2 plateau ???????????????
nc = 2=3????? plateau ????????? 2?? plateau ?????????
?????????????,??????????????????????????
???. ? 3.8? nc = 1=2?? nc = 2=3????????? nc = 5=8???????
????, plateau ?????? J ??????????.?????????????
???,???????? i??? 64?????????. h = 0?????, h = 0:015
???? plateau ?????, h = 0:020 ???? plateau ????????????
??. h = 0; 0:015 ?????? 16 ????????????, ??????????
?????????????????????????????????????.??
?,???????????????,???????????????????.???
???????????????????????????????????,????
??, m2 ???????????. ???? 3.6 ?????????????????
? plateau ??????????????????.??, h = 0:020?? 8?????
? h = 0; 0:015???????????????,?????????????????
?????????.???? 3.6???????????????????? plateau
??????????????????.?????, nc = 1=2?? nc = 2=3????
?????????? plateau ??????????????????????,???
plateau ???????????????????????????.
? 3.9? nc = 2=3?? nc = 3=4????????? nc = 5=7??????????
?, plateau ????????? J ?????????. ??????????????
??,???????? i??? 56?????????. h = 0?????, h = 0:07?
??? plateau ?????, h = 0:012???? plateau ??????????????.
h = 0; 0:007?????? 14????????????, nc = 5=8?????????
????????????????????????????????????????
?????.???,???????????????,???????????????
????.???????????????????????????????????
???,??????, m3 ???????????.????????????????
? plateau ??????????????????.??, h = 0:012?? 7?????
? h = 0; 0:007???????????????,?????????????????
?????????.????????????????? plateau ?????????
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? 3.8 J = 0:7; nc = 5=8?? plateau ????????
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? 3.9 J = 0:7; nc = 5=7?? plateau ????????
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?????????.?????, nc = 5=7??????? nc = 2=3?? nc = 3=4??
???????????? plateau ??????????????????????,?
?? plateau ???????????????????????????.
???????, nc = 1=2?? nc = 3=4????????????????????
???????????? 2??????????????.
3.2.3 nc = 3=4????????
? 3.10?????????????? J = 0:7; nc = 3=4?? plateau ??????
?????.????????????????,???????? i??? 40????
?????. h = 0; h = 0:005???????? plateau ???, spin gap ??????
???????. ???? 8 ???????????, ???????????????
?. h = 0:015???? plateau ???.??? 8?????????????????.
??? plateau ???? plateau ????????????????????,????
???????????????.??? plateau ?????????????????
???.??,??? plateau ?? 3.9??????????????????????.
????? plateau ??????????????????????.
3.2.4 plateau ???????????
??? plateau ????????????????????????, ?????
plateau ????????.??, plateau??? nc ??????????????? nc
???? 1 ????, ???????????. m1 ???? 1=2 ???, m2 ????
 1, m3 ???? 2??????. m1 ???????????? m2 ?  2?, m3 ? 4
???????.
? 3.11 ?? 3.12 ??????, m1 ??????????????????????
????????.?????????????????????????,??????
?????????? (0)").?????,??? 1/2???.??????, m3 ???
????????????????????? 2????????????? (##)"").
?????,??? 2???.??? m3 ???? m1 ? 4???????????. m3
??????? 2=3  nc  3=4??,??????? 1??????????????
?? 2???????????????????,????????????? m3 ??
?????????. ?????? 3.13 ?? 3.14 ??????, m1 ????????
??????????????????????.?????????????????
????????, ???????????????? (0 )"). ?????, ??? 1/2
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? 3.10 J = 0:7; nc = 3=4?? plateau ????????
44 ? 3? ????

? 3.11 ?? plateau ???m?m1 ?????????, nc = 3=4?? nc = 2=3
??????????????????????????

? 3.12 ?? plateau ???m?m3 ?????????, nc = 3=4?? nc = 2=3
??????????????????????????
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
? 3.13 ?? plateau ???m?m1 ?????????, nc = 2=3?? nc = 1=2
??????????????????????????

? 3.14 ?? plateau ???m?m2 ?????????, nc = 2=3?? nc = 1=2
??????????????????????????
46 ? 3? ????
???.??????, m2 ???????????????????????? 1???
?????????? (")#).?????,??? m1 ?????  1???.??? m2
???? m1 ?  2???????????. m2 ??????? 1=2  nc  2=3??,
??????? 1 ??????????? 1 ???????????????????
??????,?????????????m2 ???????????.
3.3 ???????
????????????????, nc = 1=2; 2=3; 3=4?? spin gap ???????
??????????. ?????????? half-lling ?? spin gap ? charge gap
????????????????, quater-iling ??, charge gap ?????????
????.????? spin gap ??????????? nc = 2=3; 3=4??, charge gap
??????????????????, ????????????????????
???????????????.
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? 3.15 J = 0:6; 1:1?????????????????????. ??? nc ??
???????????????.
3.3 ??????? 47
???????????? ??????? nc ???? charge gap ???????
?????????. DMRG+SSD????????????????????? ?
?????? nc ????? charge gap ?????? [37]. ? 3.15 ????????
nc = 0:5  0:8???? ? nc ?????????. J = 0:6??, nc = 1=2; 2=3; 3=4
? charge gap ????????????, J = 1:1?? charge gap ?????????
?????????????. ?????????? nc = 1=2; 3=4; 2=3 ??????
??????.
3.3.1 nc = 1=2???? charge gap
0.48 0.5 0.52
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µ
nc
          J
 0.4
 0.5
 0.6
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L = 40
? 3.16 nc = 1=2?????????????????????? J ???
???????? quarter-lling ? charge gap ????????????? [11][18].
? 3.16 ????????????????????????. L ????????,
L = 40????????.???? [11][18]??????????? J = 0:5; 0:6???
? charge gap ?????????. ??? J = 1:0????? charge gap ?????
?????????.? 3.17? nc = 1=2; J = 0:6???? charge gap ???????
???. ???? L = 40; 60; 80; 100??????? 0.5??????????????
?????????. nc = 1=2????????????????????? nc = 1=2
???????????????. ?? nc = 1=2?????????????????
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µ          L
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? 3.17 nc = 1=2????????????????????????????
???? nc = 1=2???????????????.?????,??????????
?????????????, charge gap ???????????.
3.3.2 nc = 3=4???? charge gap
? 3.18????, nc = 3=4; J = 0:4  0:8????? charge gap ????????
?????. ?? gap ??????, ????? 8 ????????????????
????????????. J = 1:0?? charge gap ?????, ?????? charge
gap ?????????????. J ? t??? J=t ' 1????????? nc = 0:5
??????? charge gap ???????????????????????. ? 3.19
? nc = 3=4 ?????????????????????????????????.
J = 0:7??, L = 40; 56; 80???????????? nc = 3=4??????????
??????????????????????????????????. nc = 0:75
?????????????? L = 40; 56; 80????????? nc = 0:75?????
????????.?????? nc = 0:75?????????????,???????
??? nc = 0:75 ?????????????. ????????????, ?????
nc = 0:75 ???? charge gap ?????????????. ????? J = 0:6; 0:7
?????????????.
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0.73 0.74 0.75 0.76 0.77
-0.8
-0.75
          J
 0.4
 0.5
 0.6
 0.7
 0.8
 1.0
L = 40
nc
µ
? 3.18 nc = 3=4?????????????????????? J ???
0.72 0.73 0.74 0.75 0.76 0.77-0.85
-0.8
-0.75
nc
µ
          J,   L
 0.6, 40
 0.7, 40
 0.7, 56
 0.7, 80
? 3.19 nc = 3=4????????????????????????????
50 ? 3? ????
3.3.3 nc = 2=3???? charge gap
0.63 0.64 0.65 0.66 0.67 0.68 0.69-1.1
-1.05
-1
-0.95
L = 60
nc
µ
          J
 0.4
 0.6
 0.8
 1.1
? 3.20 nc = 2=3?????????????????????? J ???
nc = 2=3??, J = 0:6  0:9???? h = 0???? charge gap ??????.?
3.20? L = 60? J = 0:4; 0:6; 0:8; 1:1??????????????????????
????????, J = 0:6; 0:8 ???? nc = 2=3 ????????? J = 0:4; 1:1 ?
??????????????????.??, nc = 2=3?????????,?? J ?
???????????????.?????, J ??????????????????
??????. ?????????????????????????????????
?????????. ? 3.21? nc = 2=3; J = 0:6????????????????
???????????????.???? L = 30; 60????????????. 30?
??? 60???? 2?????? nc = 2=3???????. 30?????? 60???
???????????????? 60?????? nc = 2=3??????,?????
??? nc = 2=3???????????????.????????, ??? nc = 2=3
????, charge gap ?????????????. ??, ?? charge gap ?????
?????.? 3.22? nc = 2=3???? J = 0:8?????????????????
????????????????. J = 0:8? L = 30; 60, ??????? h = 0; 0:01
?????????????. J = 0:8 ?????????????????????
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0.6 0.62 0.64 0.66 0.68 0.7-1.2
-1.1
-1
-0.9
nc
µ
J = 0.6
         L
 30
 60
? 3.21 J = 0:6; nc = 2=3????????????????????????????
?,?????????????? plateau ??????????????.?????,
???????????????? charge gap ?????????. J = 0:8????
?????????????????????????????.??????????
????????? charge gap ??????????????????, charge gap ?
spin gap ???????????????. ????? charge gap ? spin gap ???
??????????????????????????. ? 3.23? J = 0:3????
????? plateau ??????????????????????????????
???????????. J = 0:3????????????? J ?????? J ???
???????. ??????????? h = 0:015; 0:020?????????????
????.?? 2???????, plateau ??????????????????.??
? 3 ????????????????????????????. ???, L = 30; 60
????????????????,?????????????????. ?????,
J = 0:3 ??????????? charge gap ??????????????????.
plateau ???????????????????????????????.????
?? plateau ?????????? 3.24?????.
? 3.24? J = 0:3; nc = 2=3???? plateau ?????????????????
?????????????. ??????????, nc = 2=3???????????
52 ? 3? ????
0.64 0.65 0.66 0.67 0.68 0.69-1.1
-1.05
-1
-0.95
nc
µ
          J,    L,  h
 0.8,  60, 0
 0.8,  30, 0
 0.8,  60, 0.010
 0.8,  30, 0.010
? 3.22 J = 0:8; nc = 2=3???????????????????????????
0.64 0.65 0.66 0.67 0.68-1.1
-1.05
-1
-0.95
nc
µ
J = 0.3
          L,   h
 30,  0
 60,  0
 30,  0.015
 60,  0.015
 30,  0.020
? 3.23 J = 0:3; nc = 2=3 ????????? plateau ????????????
???????????????????
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?????????, charge gap ????????? J = 0:8? plateau ???????
??????, L = 120; h = 0:005??????????????????????.?
????????????, J = 0:3? plateau ???? charge gap ???????,?
????????????????. ???????, J = 0:3???????????,
RKKY???????????????????????? charge gap ?????,?
????? plateau ?????? charge gap ????,????????? plateau ?
???? charge gap ????????????????.????????,??!?
??!???????? 2???????????????. ??,?????????
0.64 0.65 0.66 0.67 0.68-1.1
-1.05
-1
-0.95
nc
µ
          J,    L,    h
 0.8,  60,  0.010
 0.3,  30,  0.005
 0.3,  60,  0.005
 0.3,120,  0.005
? 3.24 J = 0:3; nc = 2=3 ???? plateau ?????????????????
??????????
J ?????? J ????? charge gap ?????????,? 3.25??????. ?
3.25 ? J = 0:8; 1:5; nc = 2=3 ?????????????????????????
??????????.????????????,??? h = 0:02?????????
? plateau ????????.??????? plateau ???????????????
???????????????.?? 2???? charge gap ?????? J = 0:8?
plateau ?????????? J = 1:5?? charge gap ??????????????.
????? J = 1:5??????????? plateau ??????? charge gap ???
???.
????????????????????????????????????. ??
54 ? 3? ????
0.64 0.65 0.66 0.67 0.68
-1.1
-1
µ
nc
L = 60
          J,   h
 1.5, 0
 1.5, 0.02
 0.8, 0.01
? 3.25 J = 0:8; 1:5; nc = 2=3???????????????????????????
??? spin gap ??????? nc = 2=3; 3=4 ?? charge gap ??????????
??????.?????????????????? nc = 2=3??????????
? J ?????? J ??????????.?????????? J ?????? J ?
??????????????-???????????.
3.4 ??????????????????????
????????,????,??????????????????????????
?????????. ????,???????????????????.??,???
????????????????????????. J ' t?????,???????
??????????????????????????????????????.?
??????????????????????????????? "#"#??????
????.? 3.26?????????,???? 1=2? 2???? 1?????????
????????????????????.??,???????? RKKY?????
??????????????????????????????????.?????
?????? RKKY ????, ?????????????? (? 3.27). ??????
??????????????????? 2kF ??????????????????
?????????????. RKKY?????????? 2?????? 1????
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-0.4
-0.2
0
0.2
0.4
nc = 2/3L = 30
<
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z f,
i >
,
<
 
S 
z c
,
i >
-0.4
-0.2
0
0.2
0.4
nc = 3/4L = 40
L/2L/2-10 L/2+10
<
 
S 
z f,
i >
,
<
 
S 
z c
,
i >
-0.4
-0.2
0
0.2
0.4
nc = 1/2L = 40
<
 
S 
z f,
i >
,
<
 
S 
z c
,
i >
? 3.26 nc = 1=2; 2=3; 3=4???????????????????
56 ? 3? ????
? 3.27 ??????? RKKY????.???????????? 1??????
1 ???????????????. RKKY ?????????? 2 ?????? 1
???????????????.
? 3.28 nc = 2=3 ??????????? RKKY ????????. ??????
?? 1?????? 1??????????,???????? 2?????? 1??
?? RKKY????. nc = 2=3???????? (K)? RKKY???? (R)??
? 1 : 1???.
???,?????????????????????,???????????????
??????????????????????.??,???????????? 1??
???? 1???????????????. nc = 1???????????????,
nc = 1=2??? 3.26????????????? RKKY?????????????
?.? 3.28?????????, nc = 2=3?? RKKY???????????? 1 : 1
??????????.??????????, 2kF ???????? 1 : 1??????
?????????????????????????????????. nc = 3=4?
charge gap ???????????????????. nc = 3=4??????? 4??
?? 3????????, ?????????????,??????????????
?????????????.???,"#" "#"???, 3????? 4?????????
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? 3.29 nc = 3=4 ??????????? RKKY ????????. ??????
?? 1?????? 1??????????,???????? 2?????? 1??
?? RKKY????. nc = 3=4???????? (K)? RKKY???? (R)??
? 1 : 1 : 3 : 1? 2 : 1 : 2 : 1? 2?????.
??????????????????. ????? J ' t?????????? 1??
??????????????, 8???? 6??????????????.????, 8
??????? RKKY????? 2???????? 4?????. ????????
???????????????? RKKY????????????????????,
x(K) : 1(R) : y(K) : 1(R)????????????.??? RKKY????? (R),?
?????? (K)?????. ??? 4??????, (x; y) = (2; 2); (1; 3)???.??
??? 2 : 1 : 2 : 1?, 1 : 1 : 3 : 1????,????????? 3.29?????????
??. 2 : 1 : 2 : 1? charge gap ?????? 0??????, 1 : 1 : 3 : 1? (1  3=4)=2
????? plateau ????????????. ?? 2 ?????????, ? 3.30 ?
? 2 : 1 : 2 : 1 ? 1 : 1 : 3 : 1 ?????????. ?????????, nc = 3=4 ??
RKKY ???????????????? 2 ??????, plateau ? 2 ??????
????.??, nc = 2=3?? RKKY???????????? 1 : 1? 1??????
?? plateau ? 1????????.?????,?????????????????
?????,???????????????. nc = 5=7?????????.????
????????????? 10=14???. RKKY????????????????
?????????, RKKY????? 4???????? 6????. RKKY???
58 ? 3? ????
? 3.30 nc = 3=4 ??????????????. ?????????, ???
RKKY ???????, ???????????????. ???????????
plateau ????????, 1 : 1 : 3 : 1 ??????. ??????????? 0 ?
plateau ????????, 2 : 1 : 2 : 1??????.
???????????????, w(K) : 1(R) : x(K) : 1(R) : y(K) : 1(R) : z(K) : 1(R)
???. ??? 6????????? (w; x; y; z) = (1; 1; 1; 3); (1; 2; 1; 2); (1; 2; 2; 1)??
?.??? (1; 1; 1; 3)??????????????????,????????????
??.? 3.31???????????, h = 0? (w; x; y; z) = (1; 2; 1; 2)???????
?? h = 0:007? (w; x; y; z) = (1; 2; 2; 1)?????????.??? plateua ????
???????? 1(K) : 1(R) : 1(K) : 1(R) : 2(K) : 1(R) : 2(K) : 1(R)???.????
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J = 0.7, nc = 5/7
0 10 20 30 40 50
-0.4
-0.2
0
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S 
z f,
i >
,
 
<
 
S 
z c
,
i >
? 3.31 nc = 5=7???????????????????
???????, 1(K) : 1(R)? nc = 2=3????????, 2(K) : 1(R) : 2(K) : 1(R)
? nc = 3=4????????. nc = 2=3? nc = 3=4????????????? 2?
?????????????????? plateau ???????????. nc = 1=2?
nc = 2=3 ???????????????????????, ?? plateau ?????
????????, 2??????????????????????? plateau ???
??????????.
????????????????????,??????????????????
nc = 2=3??????????????. ? 3.32????? [10]??????????
??????. ????????????????????????. ????????
nc = 2=3????????????? charge gap ?????????. nc = 3=4??
??????? charge gap ???????????. ???????????????
[10]?????????. ? 3.33? nc = 2=3???????????.???????
60 ? 3? ????
? 3.32 ???????????????????????????. ??????
?? nc = 3=4 ???? charge gap ?????????. ???????? [10] ?
?????.
?????????? plateau ?????.????????????? plateau ???
??????,?????????. J  0:55?? RKKY?????????????
????????. 0:9  J  2:6 ????? fermi ???????????????.
?????? plateau ????????????.????????? charge gap ??
????????????. ????????????, charge gap ????,????
????????? charge gap ??????.???? f ?????????????
? 1=3??????. ?? charge gap ? RKKY?????????????????
??????. ? 3.34 ?? 3.33 ? plateau ???????????????????
???. nc = 2=3 ?? 3.6 ?? 3 ???????????. ?????, ??????
? (1=3) < Szf;L=2 1Szf;L=2 + Szf;L=2Szf;L=2+1 + Szf;L=2+1Szf;L=2+2 >?? 3??????
????. L???????????, 60?????????.???????????
charge gap ????,???? chrage gap ????????.???????????
???????????????,????? 2??????????.
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1
0 1 2
10
-1
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-2
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-3
h
J
Ferro
RKKY
RKKY
+Kondo
Kondo
1/3 Plateau
1/3 Plateau
nc = 2/3
Insulator
Metal
Metal
Metal
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2
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r
? 3.33 ??????????????
62 ? 3? ????
0 1 2
-0.05
0
J
<
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z f,
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z f,
 
i+
1>
? 3.34 nc = 2=3????????? plateau ??????????? J ???
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? 4?
???
?????,?????????????????????????????????
????????????????????????. ??????????? DMRG
? SSD????????,???????????????????? J  1????
???????????????????.
?????????????????????? plateau ???????,?????
??????????????????. ???? plateau ? nc = 1=2; 3=4 ? charge
gap ?????????? nc = 2=3???????????????????????
??????. nc = 1=2?? nc = 2=3?????????? nc = 2=3?? nc = 3=4
?????????????? plateau ??????? nc ????????. nc = 1=2
?? nc = 2=3??????????????? 1??????????? 1?????
????????????????????????.??, nc = 2=3?? nc = 3=4?
?????????????? 1 ???????????????? 2 ???????
???????????????. 2?? plateau ????? nc = 2=3???????
??????????????????? charge gap ???????????????,
?????? nc = 3=4???? plateau ?????????????????????
????????. nc = 2=3?? J = 0:6  0:9???? R : K = 1 : 1???????
?,???? J=t??????????????????, 1 : 1??????????,?
????????????.???,???????????????? 1 : 1?????
?????,?? plateau ?????????????????????.???,???
???????,??? 1 : 1????????????????????????,??
?? plateau ???,???????????????????.?????, J ????
??????!???!??????????????????????????.
????????????????? plateau ?????????????,????
????????????? RKKY???????????????????????.
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???, nc = 2=3?? nc = 3=4?????????????? plateau ???????
? 1????????????? 2???????,??????? 1??????? 2
???????????????????????????. ?????????, ??
???????????????? 1 ???, ?????????????????. ?
???, RKKY????????????????? 2???,??? RKKY????
????????.???? 2??????????????????????????.
J ?????????, ????? RKKY ???????????????? RKKY
????,???????????????????????????????????
???????????. ??????????????? plateau ?????????
???????????, nc = 2=3? plateau ? nc = 3=4???? plateau ?????
???????. ?????, ????????????? 2 ????????????
???????????????????????.
?????,????????,????? RKKY????????????????
??????????????????????????, f ????????????
????????????????????????????????????????
????????????? plateau ??????????.
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?? A
DMRG???????????
DMRG ???????????????????. ???????????????
????????????, ????????????????, ??????????
????????.????,???? heisenberg model????????.?? [47][48]
??????.
A.1 Heisenberg model
A.1.1 Innite system method
Heisenberg model? Hamiltonian?
H = J
X
i
Si  Si+1 (A.1.1)
???. parameter ??????????, DMRG ????????????????
?????.
Initial state
???,????????? J ????. ?? model???????????????
??, 1??????????????? 2???.?, up(down)???? " (#)???
???, 1???????
j"i ; j#i
????. DMRG ????, ??????????????????, system block,
single site, environment block ??????????????????????.???
? Stotalz ????????? (?????????, 1?  1).????????????
66 ?? A DMRG???????????
?????, system block , environment block ? Hamiltonian ???????? single
site ?????????????.
H =

0 0
0 0

S+l =

0 1
0 0

; Szl =
1
2

1 0
0  1

environment block ? Hamiltonian ? system block ??????????.??, S l ?
S+l ?????????????,???????????.?????????????
??????. ?????, Sz ? Stotalz ??????????????, Stotalz ????
????????????????.
Super block base
??, Super block ??????.
systemblock   m1
singlesite    sl; sr
environmentblock   m4
???, Super block????
N = 2(I   1)m1m4 + (J   1)m1m4
+ L+ (K   1)m4
???????????. ???, I; J ? 1 ?? 2 ?????????, m1;m4 ??
??????????????????. ??, ???????????????, ??
?????????? single site ?????????????????, 2 ?????
????? Heisenberg model ?? 4 ???????????. ??, system block ?
environment block ?????????? cut o ?????????????????,
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??????????????????????????.
I J K L
sl sr m1 m4
"
* "
* "  " 1# 2
#
 " 3
# 4
#
* "  " 5# 6
#
 " 7
# 8
#
* "
* "  " 9# 10
#
 " 11
# 12
#
* "  " 13# 14
#
 " 15
# 16
Heisenberg model ????????????, Stotalz = 0?????????????.
??,???????,????????????????? block ?????????
??????????????,????????
L = mod(N;m4)
K = mod(1 + (N   L)=m4;m1)
I 0 = N   L  (K   1)m4=(m1m4)
J = mod(I; 2)
I = (I 0   J)=2
???? mod ? mod(x; y) ????? x ? ? ??????????? fortran ???
??????.???????,????? 0???????????????.
Super block Hamiltonian
DMRG ????? 4 site ? Super block ?????, Hamiltonian ?
H = J
3X
i
Si  Si+1
= J (S1  S2 + S2  S3 + S3  S4) (A.1.2)
system block ? environment block ? Hamiltonian ? 1 site ???????? 0??
?.??, S1;S4 ??????????????, S2;S3 ???????????.???,
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Super block????? block????????????????,?????????
??????????? Super block? Hamiltonian?????????. Super block
????
ji = jM1i jSli jSri jM4i (A.1.3)
??????,
h0jH ji = hM 01jS1 jM1i hS0l jS2 jSli S0r;SrM 04;M4
+ hS0l jS2 jSli hS0rjS3 jSri M 01;M1M 04;M4
+ hS0rjS3 jSri hM 04jS4 jM4i S0l;SlM 01;M1 (A.1.4)
??, 6 site ??? Super block ? Hamiltonian ???
hM 01jHsystem jM 01i S0l;SlS0r;SrM 04;M4
+ hM 04jHenvironment jM4i S0l;SlS0r;SrM 01;M1 (A.1.5)
??????????????????. Super block ???????????????.
????????, ?????????? [44][45][46]. ??, LAPACK ? Math Kernel
Library (MKL) ?????????????????????????.
Density Matrix
Super block ?????? (system block ? single site left) ???????????
???. Super block ?????????,? block ????????????????
?.???????? 2m1 ??????,??????????????.???,???
?? (system block ? single site left ??????????????????????
??????,????????? 1???????????). ???????????
??????.???, environment block ? single site right ??????????.?
??,???????? 6 site??? 2 site ? system block ??????????.??
?????? single site ? Sz ??? system block ? Sz ?????????? 2 site
? system block ????????????.????,???????????????
???? 2site? Stotalz ???????????. Heisenberg model?? Sz ??,??
?????? Sz ? nc ???.????????,????? 2 site ? system block ?
Hamiltonian ? ??????? single site ????????????. 4 site????
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Stotalz = 0???? 6?????????????????
1 j#""#i
2 j#"#"i
3 j""##i
4 j##""i
5 j"#"#i
6 j"##"i
??????? 2 site ????????
1 j""i
2 j"#i
3 j#"i
4 j##i
???. ?? 2 site ?????????????, ?????????????????
????. DMRG ? Innite Method ?? single site ??????? block ?????
???, ????????????????????????????. ???? Super
block ??? ?  (i; j)????
1 j#"i j#"i =  (3; 3)
2 j#"i j"#i =  (3; 2)
3 j""i j##i =  (1; 4)
4 j##i j""i =  (4; 1)
5 j"#i j#"i =  (2; 3)
6 j"#i j"#i =  (2; 2)
?????????.???, environment block ? single site right ? system block ?
single site left ??????????????????????????????.  i;j
?????????
 i;j =
0BB@
0 0 0 3
0 6 5 0
0 2 1 0
4 0 0 0
1CCA (A.1.6)
???. ????????????????.
i;i0 =
X
i;i0
 i;j i0;j (A.1.7)
???????? (Heisenberg model ???? Stotalz )???????????????
?,????????????.
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Cuto
DMRG????,???????? !i ?????????.
P =
2m1X
i=1
!i = 1 (A.1.8)
???,????????????????????????????????????
?????. ??, ???????????????????????????????
?, ????????????????????????????. ?????????
????, ????????????????????????????????. ??
???????????????????, ?????????, ??????????
?????,??????????????????.
Unitary transformation
???????????????????????????, ?????????. ?
?????? j'i, system block ??????????? jui???
jui =
X
h'0jHsystem j'i
=
X
hM 01jHsystem jM1i S0l;SlS0r;SrM 04;M4 (A.1.9)
??????????. ??????????????????????. ??????
???????????????? Hsystem ???????? single site ??????
???????? 6 site ?????????, 8 site ????? Innite Method ???
???.
A.1.2 Finite system method
Innite system method ??????????? L????????? Finite system
method ???. system block ????? L/2+1 ???? environment block ???
?? L=2   3 ???. ??? Innite system method ??????????? system
block ????????????????????? (?????????????,??
????????????? environment block ? system block ?????????
????). Finite system method ?? innite system method ??????????
??????????????????,???????????.
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A.2 fermion sign????
DMRG???????????????????????????.????, DMRG
????????????????? fermion sign ????????.???????,
????????,0; "; #; "#? 4????????????????, fermion sign ??
???????????.???, DMRG??,???????????? 4?????
???????.????,
1p
2
(j"#i   j#"i)
=
1p
2

Cy1"C
y
2#   Cy1#Cy2"

j0i (A.2.10)
??? 1???? 2????????????????????????????,
Cy3"C2" (A.2.11)
??? 2?????????????????, 3?????????????????
?.???????, fermion sign ??????????????,??????????.
DMRG??,??????????????????????????, fermion sign ?
????. system block ? B1, environment block B4, single site B2; B3 ??????
?????
ji = jB2 i jB1 i jB3 i jB4 i (A.2.12)
?????.??? single site ? system block ?, single site ? environment block ?
? fermion sign ?????????????????????. ??? 1,2,3,4 ???
????????? fermion sign ??????. system block B1 ????? l ???,
singlet site ? system block ??????????????. system block ?? single
site ???????????
hjH ji
= hB4 j hB3 j hB1 j hB2 jCylCl+1 jB2 i jB1 i jB3 i jB4 i
= hB4 j hB3 j hB1 jCyl hB2 jCl+1 jB2 i jB1 i jB3 i jB4 i ( 1)N(jB

2 i)
= hB4 j hB3 j hB2 jCl+1 jB2 i hB1 jCyl jB1 i jB3 i jB4 i ( 1)N(jB

2 i)
= ( 1)N(jB2i) hB2 jCl+1 jB2 i hB1 jCyl jB1 i B3 ;B3 B4 ;B4 (A.2.13)
72 ?? A DMRG???????????
?????????. single site ?? system block ???????????
hjH ji
= hB4 j hB3 j hB1 j hB2 jCyl+1Cl jB2 i jB1 i jB3 i jB4 i
= hB4 j hB3 j hB1 j hB2 jClCyl+1 jB2 i jB1 i jB3 i jB4 i ( 1)
= hB4 j hB3 j hB1 jCl hB2 jCyl+1 jB2 i jB1 i jB3 i jB4 i ( 1)N(jB

2 i)+1
= hB4 j hB3 j hB2 jCyl+1 jB2 i hB1 jCl jB1 i jB3 i jB4 i ( 1)N(jB

2 i)+1
= ( 1)N(jB2i)+1 hB2 jCyl+1 jB2 i hB1 jCl jB1 i B3 ;B3 B4 ;B4 (A.2.14)
?????????.?? single site ??????????????. sytem block ??
single site ?? environment block ?? single site ???????????
hjH ji
= hB4 j hB3 j hB1 j hB2 jCyl+1Cl+2 jB2 i jB1 i jB3 i jB4 i
= hB4 j hB3 j hB1 jCl+2( 1)N(jB

2 i)+1 hB2 jCyl+1 jB2 i jB1 i jB3 i jB4 i
= hB4 j hB3 j B1 ;B1 Cl+2( 1)
N(jB2 i)+1+N(jB1 i) hB2 jCyl+1 jB2 i jB3 i jB4 i
= hB4 j B1 ;B1 ( 1)
N(jB2 i)+1+N(jB1 i) hB2 jCyl+1 jB2 i hB3 jCl+2 jB3 i jB4 i
= ( 1)N(jB2 i)+1+N(jB1 i) hB2 jCyl+1 jB2 i hB3 jCl+2 jB3 i B1 ;B1 B4 ;B4
(A.2.15)
???. environment block ?? single site ?? system block ?? single site ???
????????
hjH ji
= hB4 j hB3 j hB1 j hB2 jCyl+2Cl+1 jB2 i jB1 i jB3 i jB4 i
= hB4 j hB3 j hB1 jCyl+2( 1)N(jB

2 i) hB2 jCl+1 jB2 i jB1 i jB3 i jB4 i
= hB4 j hB3 j B1 ;B1 C
y
l+2( 1)N(jB

2 i)+N(jB1 i) hB2 jCl+1 jB2 i jB3 i jB4 i
= hB4 j B1 ;B1 ( 1)
N(jB2 i)+N(jB1 i) hB2 jCl+1 jB2 i hB3 jCyl+2 jB3 i jB4 i
= ( 1)N(jB2 i)+N(jB1 i) hB2 jCl+1 jB2 i hB3 jCyl+2 jB3 i B1 ;B1 B4 ;B4
(A.2.16)
??????. ???, single site ? environment block ???????????, envi-
ronment block ?? single site ???????????? single site ?? environment
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block ?????????????????,
hjH ji
= hB4 j hB3 j hB1 j hB2 jCyl+2Cl+3 jB2 i jB1 i jB3 i jB4 i
= hB4 j hB3 j B1 ;B1 B2 ;B2 ( 1)Cl+3C
y
l+2 jB3 i jB4 i
= hB4 j B1 ;B1 B2 ;B2 ( 1)
N(jB3 i)+1Cl+3 hB3 jCyl+2 jB3 i jB4 i
= ( 1)N(jB3 i)+1B1 ;B1 B2 ;B2 hB

4 jCl+3 jB4 i hB3 jCyl+2 jB3 i
(A.2.17)
hjH ji
= hB4 j hB3 j hB1 j hB2 jCyl+3Cl+2 jB2 i jB1 i jB3 i jB4 i
= hB4 j B1 ;B1 B2 ;B2 ( 1)
N(jB3 i)Cyl+3 hB3 jCl+2 jB3 i jB4 i
= ( 1)N(jB3 i)B1 ;B1 B2 ;B2 hB

4 jCyl+3 jB4 i hB3 jCl+2 jB3 i
(A.2.18)
???.?????? fermion sign ?????.??????????????????
 1????????.???,??????????????????????????
?.??????????,??????  1?????????? 1????.????
????????????? fermion sign ??????.??????????????
fermion sign ????????. ???? Hubbard model ???????. ?????
???, 1??????????? 0; "; #; "#? 4????. 1????????? (??)
??????????????. ???????????????
a) 0()"
b) 0()#
c) "()#"
d) #()#"
???. a); b)?? fermion sign ??????????. c); d)? fermion sign ????
??????. ?,?????????????????????.??????????
? #??????????????.?????, Cyi;#Cyi;" j0i = j#; "i???. c)?
h"#jCy# j"i = h0jC"C#Cy#Cy" j0i
??  1??????.?? d)? ,
h"#jCy" j#i = h0jC"C#Cy"Cy# j0i
= h0jC"C#Cy#Cy" j0i ( 1)
74 ?? A DMRG???????????
???,  1 ??????. j#"i ???????????, 2 ?????????? 1 ?
???????????????????????????????  1 ??????.
?? fermion sign ????????,???????????????????????
? fermion sign ? 1? 1???????????. ???????????? fermion
sign ? system block, single site, environment block ???????????????
????. ??????? fermion sign ?????????????????????
???????.
A.3 Kondo lattice model
Kondo Lattice model ? Hamiltonian ?
HKLM =  t
X
i

cyici+1 +H:c:

+ J
X
i
Si  si (A.3.19)
???.????,??????????? 8????. DMRG??????? 2???
??????????????????,??????????????. 82 ?????
?????????????, ??????????, ???????????????
????, ????????????????????. ???????? 4 ?????
??????,
HKLM = HB1 +HB2 +HB3 +HB4 (A.3.20)
B1 ? system block ????????, B2; B3 ? single site ????, B4 ? B4 ?
environment block???????????.????,???????????????
j i = jB1i jB2i jB3i jB4i (A.3.21)
??????,?????
h 0jHKLM j i
= hB01jHB1 jB1i B02;B2B03;B3B04;B4
+ hB02jHB2 jB2i B01;B1B03;B3B04;B4
+ hB03jHB3 jB3i B01;B1B02;B2B04;B4
+ hB04jHB4 jB4i B01;B1B02;B2B03;B3
+ hB01jHB1 jB1i hB02jHB2 jB2i B03;B3B04;B4
+ hB02jHB2 jB2i hB03jHB3 jB3i B01;B1B04;B4
+ hB03jHB3 jB3i hB04jHB4 jB4i B01;B1B02;B2 (A.3.22)
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??????????.?? 4???????????????,?? 3???????
????????.????? HKLM ????????????????????, 1?
??????????????????????????????????????.
????????????????????????????.??????????
???,???????????? nc ???? Stotalz ?????.???,??????
?????????????.????,????? nc; scz, ????????? Sfz ??,
???????? Stotalz ????,
jnc; Stotalz i = j1; 0i (A.3.23)
???,
jnc; scz; Sfz i = j1; 1; 1i
= j1; 1; 1i (A.3.24)
???, ???????????, ????????????????????????
?,??????????.?????,?????????? nc ???????? Stotalz
????,???????,???????????????????????.
?,??? 2??????????.??????, 2?????????? 64???
?.????? 0,1,2,3,4? 5??????????????.??? Sz ?????,
nc = 0; Sz = 2; 0; 2
nc = 1; Sz = 3; 1; 1; 3
nc = 2; Sz = 4; 2; 0; 2; 4
nc = 3; Sz = 3; 1; 1; 3
nc = 4; Sz = 2; 0; 2
???.??????? jnc; Szi???????
j0; 2i ; j0; 0i j0; 2i
= ja1i ; ja2i ; ja3i (A.3.25)
j1; 3i ; j1; 1i j1; 1i ; j1; 3i
= jb1i ; jb2i ; jb3i ; jb4i (A.3.26)
j2; 4i ; j2; 2i j2; 0i ; j2; 2i ; j2; 4i
= jc1i ; jc2i ; jc3i ; jc4i ; jc5i (A.3.27)
j3; 3i ; j3; 1i j3; 1i ; j3; 3i
= jd1i ; jd2i ; jd3i ; jd4i (A.3.28)
j4; 2i ; j4; 0i j4; 2i
= je1i ; je2i ; je3i (A.3.29)
76 ?? A DMRG???????????
???.???, 2????????????? "; #? 2??????.
ja1i = jnc; Sz; Sllocal; Srlocali
= j0; 2; 1; 1i (A.3.30)
ja2i = j0; 0; 1; 1i ; j0; 0; 1; 1i (A.3.31)
ja3i = j0; 2; 1; 1i (A.3.32)
jb1i = j1; 3; 1; 1i (A.3.33)
??????????????. ????????????, ????????????
??????????????????????. fermion sign ??????????
?,??? 1??????????.??????????,?????????.???
???????????????????????????????????????
?????. ?????, system block, environment block, single site ???????
?????????????????. ?????????????????? fermion
sign ???????????????. ?????????, Kondo lattice model ??
??? DMRG??????????.
A.4 ????????? 77
A.4 ?????????
A.4.1 ????????????
?????????????????? j i = jB1i jB2i jB3i jB4i????,????
????????. system block jB1i, environment block jB4i?,?????????
??,????? "; #???????????????????.????,??????
????????. ???, ???????????????????????????
??,????,??????????????? 2??? jB2i ; jB3i????,????
???????.????,?? 2???????????? S2z ; S3z ?
h 0jS2z j i = hB01j hB02j hB03j hB04jS2z jB1i jB2i jB3i jB4i
= hB02jS2z jB2i B01;B1B03;B3B04;B4 (A.4.34)
h 0jS3z j i = hB01j hB02j hB03j hB04jS3z jB1i jB2i jB3i jB4i
= hB03jS3z jB3i B01;B1B02;B2B04;B4 (A.4.35)
??????????.??, 2?????????????????????
h 0j c2cy3 j i = hB01j hB02j hB03j hB04j c2cy3 jB1i jB2i jB3i jB4i
= hB02j c2 jB2i hB03j cy3 jB3i B01;B1B04;B4 (A.4.36)
h 0j cy2c3 j i = hB01j hB02j hB03j hB04j cy2c3 jB1i jB2i jB3i jB4i
= hB02j cy2 jB2i hB03j c3 jB3i B01;B1B04;B4 (A.4.37)
??????????. sweep??????,??? 2???????????????,
??????,?? 2??????????????????????????????
???????.????????,????????????.
A.4.2 ????????????
?????????????????????,?????????????????.
????, system block ?????????? 2??????,system block ?????
????????????????????????
h 0jS1  S3 j i = hB01j hB02j hB03j hB04jS1  S3 jB1i jB2i jB3i jB4i
= hB01jS1 jB1i hB03jS3 jB3i B02;B2B04;B4 (A.4.38)
??????????.??????????????,??????????????,
???.???????, jB2i ; jB3i????????????????????,???
78 ?? A DMRG???????????
?????????.??????????????????? 3??????????
????.????????????????.
hBnew1 jHnewsystem jBnew
0
1 i = hBold1 jHoldsystem jBold
0
1 i Bold2 ;Bold02 + hB
old
2 jHold2 jBold
0
2 i Bold1 ;Bold01
+

hBold1 jS+1 jBold
0
1 i hBold2 jS 2 jBold
0
2 i+H:c:

(A.4.39)
?????, system block ? single site ????????,????
nX
i=1
hBold1 jS1;i jBold
0
1 i hBold2 jBold
0
2 i (A.4.40)
hBold2 jS2 jBold
0
2 i hBold1 jBold
0
1 i (A.4.41)
??????. i? 1?? system block ????? n ??????.???, sweep ??
?????, system block ?????????????????????????,??
?????????????. ???????????,?????????????.
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A.5 ??????????
??????????  ??????????????. ????????????
??
@E
@N
=  (A.5.42)
???. SSD????,?????????????????????????????
???.????????,????????????????????????????
?,????????,????????????????????,?????????
????,????????????????????.?????,?????????
????????????,???????????, ??????????????.
?????????????????? Elaverage ??, 1??????????????
????????? 1???????????? Elaverage=l ???.?????????
???????, nlc=l???. l???????????????????,????? 
????????????????. ??  ? SSD ????????? SSD ????
??????????.
??,?????????? nk = hcyi cii???, nk; k ???????.??????
???,
hcykcki =
X
i;j
cyi ci cos(kr(i  j)) (A.5.43)
?????????. k ?????, k = 2n=L; (n = 0; 1; 2   L   1)???. i; j ??
?????????, DMRG??????????????????????????
???????. nk; k ?????????????????????.?????,??
??????? kF ?????????, fermi ??????????????????
?.??????,???????,? fermi ????????????????????
??.??,??? fermi ????? fermi ?????????????????.
A.6 SSD???????
?? H? SSD??? fl(j)??????????.????,???????????
??????.
H =  t
L 1X
j=1
(cyjcj+1 +H:c:)  
LX
j=1
cyjcj (A.6.44)
80 ?? A DMRG???????????
??????????????????, ??????????????????. ??
????????????????.????????????? fl(j)???????.
fl(j) = sin
2

[j + (l   1)=2]
L

(A.6.45)
???
HSSD =  t
LX
j=1
f1(j)(c
y
jcj+1 +H:c:)  
LX
j=1
f0(j)c
y
jcj (A.6.46)
????.?????????????????? l = 0, ??????????????
l = 1???,???? fl(j)?????. ???, sin2(j=L)??????? e2j=L ?
???????????.
sin2(j=L) = 1=2  (ei2j=L + e i2j=L)=4 (A.6.47)
(A.6.46),(A.6.47)??????, HSSD ????H0;H() ??????????.
H0 =
X
( 2t cos(k)  )cykck (A.6.48)
H() =
X
k
ei(=2)( 2t cos(k  =2)  )cykck (A.6.49)
???  = 2=L???. H0 ??????????????????????????
???, H() ??????????.
HSSD = 1
2
H0   1
4
h
H(+) +H( )
i
(A.6.50)
?????????????????, H() ??????????, ????????
??????? H0 ???????????. SSD???? open boudary condition?
HSSD ??????????????????,??????????????????
??.
81
????
[1] J. Kondo, Prog. Theor. Phys. 32, 37 (1964).
[2] A. Sumiyama, Y. Oda, H. Nagano, Y. Onuki, K. Shibutani, and T. Komatsubara,
J. Phys. Soc. Jpn. 55, 1294 (1986).
[3] K. Yosida, Phys. Rev. 147(1966) 223; Prog. Theor. Phys. 36, 875 (1966).
[4] K. G. Wilson, Rev. Mod. Phys. 47, 773 (1975).
[5] M.A.Ruderman and C.Kittel, Phys. Rev. 96, 99 (1954).
[6] T.Kasuya, Prog. Theor. Phys. 16, 45 (1956).
[7] K.Yosida, Phys. Rev. 106, 893 (1957).
[8] ????, ????, ????, 58, 867 (1991).
[9] H. Tsunetsugu, M. Sigrist, and K. Ueda, Rev. Mod. Phys. 69, 809 (1997).
[10] R. Peters and N. Kawakami Phys. Rev. B 86, 165107 (2012).
[11] J. C. Xavier and E. Miranda, Phys. Rev. B 78, 144406 (2008).
[12] I. McCulloch, A. Juozapavicius, A. Rosengren, and M. Gulacsi, Phys. Rev. B 81,
869 (2001).
[13] A. Juozapavicius, I.P. McCulloch, M. Gulacsi, and A. Rosengren, Phil. Mag. B,
82, 1211(2002).
[14] ????,??????(????????? ??????)-597 609-.
[15] ????,????, ???????? (???, 1998).
[16] I. P. McCulloch, A. Juozapavicius, A. Rosengren, and M.Gulacsi, Phys. Rev. B
65, 052410 (2002).
[17] H. Tsunetsugu, Y. Hatsugai, K. Ueda, and M. Sigrist, Phys. Rev. B 46,
3175(1992).
[18] N. Shibata and C. Hotta, Phys. Rev. B 84, 115116 (2011).
[19] C. Hotta and N. Shibata, Physica B: Cond. Mat. 378, 1039 (2006).
[20] N. Shibata, T. Nishino, K. Ueda, and C. Ishii, Phys. Rev. B 53, 8828(R) (1996).
[21] M. Sigrist, H. Tsunetsugu, and K. Ueda, Phys. Rev. Lett. 67, 2211(1991).
82 ????
[22] M. Troyer and D. Wurtz, Phys. Rev. B 47, 2886(1993).
[23] M. Sigrist, H. Tsunetsugu, K. Ueda, and T.M. Rice, Phys. Rev. B 46,
13838(1992).
[24] H. Tsunetsugu, M. Sigrist, and K. Ueda, Phys. Rev. B 47, 8345(1993).
[25] N. Shibata, A. Tsvelik, and K. Ueda, Phys. Rev. B 56 330(1997).
[26] S. Watanabe, J. Phys. Soc. Jpn. 69, 2947 (2000).
[27] M. Bercx and F. F. Assaad, Phys. Rev. B 86, 075108 (2012).
[28] N. Shibata and K. Ueda, J. Phys. Cond. Matt. 11 R1(1999).
[29] N. Shibata, K. Ueda, T. Nishino, and C. Ishii, Phys. Rev. B 54, 13495 (1996).
[30] R. Peters, N. Kawakami, and T. Pruschke, Phys. Rev. Lett. 108, 086402 (2012).
[31] S.R. White, Phys. Rev. Lett. 69 (1992) 2863; S.R. White, Phys. Rev. B 48,
10345 (1993).
[32] M. Veric and S. R. White, Phys. Rev. Lett. 71, 4283 (1993).
[33] M. Veric and S. R. White, Phys. Rev. B 53, 14552 (1996).
[34] A. Gendiar, R. Krcmar, and T. Nishino, Prog. Theor. Phys. 122, 953 (2009);
123, 393 (2010).
[35] T. Hikihara and T. Nishino, Phys. Rev. 83, 060414(R) (2011).
[36] I. Maruyama , H. Katsura, and T. Hikihara, Phys. Rev. B 84, 165132 (2011).
[37] C. Hotta and N. Shibata, Phys. Rev. B 86, 041108(R) (2012).
[38] C. Hotta, S. Nishimoto, and N. Shibata, Phys. Rev. B 87, 115128 (2013).
[39] R. Ishiyama and N. Shibata, JPS Conf. Proc. 3, 011032 (2014).
[40] ????, ?? ?????? (?????????, 2010).
[41] ????, ???? (???, 1969).
[42] ???, ????? (???, 1983).
[43] ????, ????? (????, 1987).
[44] ??????????????, ???? III (????, 2002).
[45] ???, ??????????? (????, 1986).
[46] ???, ?????? (??????, 1997).
[47] ???, ???? (???? 1995??).
[48] T. Narushima, T. Nakashima, and, S. Takada, J. Phys. Soc. Jpn. 64, 4322 (1995).
83
??
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????
???????????????????????DMRG????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
??????????????????????????
???????????????????????????????????????
????????????????????????????????????????
????????????????????????????????????????
???????????????????
???????????????????????????????????????
?????????????????????? 3?????????????????
????????

85
????
1. "Magnetization plateaus in the one-dimensional Kondo lattice model"
Ryuhei Ishiyama and Naokazu Shibata, JPS Conf. Proc. 3, 011032 (2014).
